, which bind to an unusually long 30 bp binding site. The subunits of IHF are closely related to an-DNA, including transcriptional regulation (reviewed in Friedman, 1988) and recombination (reviewed in Nash, other bacterial protein known as HU; however, unlike IHF, HU cannot recognize specific DNA sequences. 1996). IHF consists of two structurally similar subunits IHF and HU form a structurally related family of pro-
The best characterized example of a DNA segment capable of supporting assembly of a multiprotein-DNA teins capable of producing a remarkable bend in DNA, estimated from earlier solution studies to exceed 140Њ complex is provided by the minimal T cell receptor (TCR) ␣ gene enhancer, which functions specifically in T lym- (Thompson and Landy, 1988) and recently revealed by X-ray crystallography of an IHF-DNA complex ( Figure  phocytes . The enhancer is constructed from at least four distinct factor binding sites, with the LEF-1 recogni1b) to be a staggering 160Њ-180Њ (Rice et al., 1996) . This unprecedented distortion is achieved via a unique tion site at its center ( Figure 1c ). LEF-1-induced DNA bending enables interaction of at least two additional mechanism of DNA binding involving a bipartite structure of arm-like ␤ hairpin structures and C-terminal ␣ enhancer-bound proteins. Without the bend, ETS1, PEBP2/CBF and ATF/CREB would be far from one anhelices, which make only minor groove contacts with DNA bases and the sugar-phosphate backbone. One other in space. Assembly of a functional TCR ␣ gene enhancer complex, therefore, requires DNA remodeling of the most intriguing features of the IHF homodimer structure is the presence of two intercalating proline by LEF-1 creating the foundation on which a specific multiprotein-DNA complex is constructed (reviewed in residues projecting from the tip of each ␤ hairpin arm, which introduce large kinks at symmetrically displaced Love et al., 1995) . TBP is a highly conserved, central transcription factor ApA steps each located approximately a half turn from of the center of the recognition site. This unusual mode required for initiation of RNA synthesis by all three eukaryotic RNA polymerases (reviewed in Tansey and Herr, of DNA distortion is shared by a number of structurally unrelated protein families, each of which insert nonpolar 1997). RNA polymerase II (pol II) transcription begins with TBP recognizing a conserved AT-rich promoter eleresidues from the minor groove face into base steps yielding dramatic kinks in the trajectory of the double ment known as the TATA box. TBP-DNA complexes derived from plant, yeast, and human reveal two pairs helix (see below).
The structure of the apo-form of HU (Tanaka et al., of phenylalanine residues intercalating into base steps creating two ‫54ف‬Њ kinks at either end of the TATA ele-1984) is very similar to that of IHF observed in the IHF complex, suggesting a general DNA-bending role for ment (reviewed in Patikoglou and Burley, 1997) . These intercalation events also mediate abrupt transitions to this structural motif. Moreover, in vitro HU can substitute for IHF during site-specific recombination (reviewed in and from canonical B form DNA and an underwound, smoothly bent DNA structure in which the widened mi- Nash, 1996) , reinforcing the concept that this structural motif mediates assembly of higher-order nucleoprotein nor groove is accessible to the antiparallel ␤ sheet DNAbinding surface of TBP (Figure 1d ). The path of the DNA complexes. A hypothetical intasome assembly of IHF with bacteriophage integrase (Int) is illustrated in Fig- axis resembles an incomplete right-handed supercoil, which compensates for partial unwinding of the righture 1b (adapted from Nash, 1996) .
Examples from Eukaryotes
handed double helix and appears to prevent helical strain of the promoter. The resulting nucleoprotein comThree architectural transcription factors from eukaryotes have been examined at high resolution by structural plex serves as an extremely stable platform on which the pol II transcription machinery is assembled. biologists, including the TATA box-binding protein (TBP), SRY, and LEF-1. Structures of these three proFurther X-ray studies have yielded structures of two triple complexes, transcription factor (TF) IIB-TBP-DNA teins bound to their respective DNA targets revealed common strategies for DNA deformation, analogous to (Nikolov et al., 1995) and TFIIA-TBP-DNA (Geiger et al., 1996; Tan et al., 1996) , which have been combined in the minor groove intercalation events seen in the IHF-DNA cocrystal structure. Furthermore, these proteins Figure 1d to give a model for the TFIIA, TFIIB, and TBP bound to the adenovirus major late promoter (AdMLP). create stereo-specific protein-nucleic acid complexes that are in turn recognized by other transcription factors.
Both triple complex structures demonstrate the same DNA deformation seen in the TBP-DNA cocrystal struc-SRY (Werner et al., 1995) and LEF-1 (Love et al., 1995) are structurally similar proteins that both use a nonarotures, suggesting that TFIIB and TFIIA recognize the preformed TBP-DNA complex via specific proteinmatic, hydrophobic amino acid to intercalate into a base step from the minor groove face of the double helix, protein interactions with TBP and contacts with the phosphodeoxyribose backbone of the distorted double creating a dramatically bent DNA (‫031ف‬Њ in the case of LEF-1) with a widened minor groove (Figure 1c) . They helix. In addition to providing the platform for pol II preinitiation complex assembly, the TBP-DNA complex are high mobility group (HMG) proteins that possess a DNA-binding motif first described in the nonhistone may serve an architectural role analogous to IHF ( Figure  1b) or LEF-1 (Figure 1c ) by bringing remote binding sites chromosomal proteins HMG1 and HMG2 (reviewed in Werner et al., 1995) , which are abundant nuclear profor transcriptional activators, such as the E box, closer to the site of action of pol II (Figure 1d ). There is evidence teins that exhibit nonspecific DNA binding and are often referred to as eukaryotic homologs of HU (see above).
that upstream stimulatory factor (USF) functions through both the Initiator element (Inr) and the E box of the LEF-1 is a pre-B and T lymphocyte-specific DNAbinding protein capable of nucleating formation of a AdMLP, possibly via DNA looping mediated by USF tetramerization (reviewed in Ferre-D' Amare et al., 1994) . large macromolecular complex, or enhanceosome, that stimulates transcription of various lymphocyte-specific In contrast to CAP, IHF, SRY/LEF-1, and TBP, there is at least one architectural transcription factor that may genes (reviewed in Giese et al., 1995 (Falvo et al., 1995) .
Conclusion
Structural biologists have made considerable progress toward defining the physical chemistry of complexes between architectural transcription factors and remodeled DNA. The quest to crystallize even larger multiprotein-DNA assemblies continues apace, and we should soon see actual three-dimensional structures of the CAP-DNA complex interacting with a portion of the ␣ subunit of RNAP (modeled in Figure 1a ), a quaternary complex of the TCR ␣ gene enhancer being recognized by LEF-1, ETS1, and ATF/CREB (modeled in Figure 1c) , and TFIIA-, TFIIB-, and TBP-bound DNA (modeled in Figure 1d ). The immediate challenge facing molecular biologists is to go beyond mere physical descriptions of these systems and characterize the kinetic and thermodynamic consequences of building transcriptionally active stereo-specific nucleoprotein complexes. Success in these difficult endeavors should yield quantitative insights into how gene expression is regulated, which are of critical importance to fundamental molecular biology as well as biomedicine.
